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ABSTRACT In this paper, a physics-based multiscale approach is introduced to predict the fatigue life
of crystalline metallic materials. An energy-based and slip-based damage criterion is
developed to model two important stages of fatigue crack initiation: the nucleation and
the coalescence of microcracks. At the microscale, a damage index is developed on the
basis of plastic strain energy to represent the growing rate of a nucleated microcrack. A
statistical volume element model with high computational efficiency is developed at the
mesoscale to represent the microstructure of the material. Also, the formation of a major
crack is captured by a coalescence criterion at mesoscale. At the macroscale, a finite
element analysis of selected test articles including lug joint and cruciform is conducted
with the statistical volume element model bridging two scale meshes. A comparison
between experimental and simulation results shows that the multiscale damage criterion
is capable of capturing crack initiation and predicting fatigue life.

Keywords damage modelling; fatigue crack growth; fatigue life prediction; finite element
analysis.

NOMENCLATURE A = size of the plastic zone around the nucleation point
dD αð Þ

i = incremental fatigue damage in the αth slip plane of the ith possible nucleation
point

dY αð Þ
i = plastic strain energy increment in the αth slip plane of the ith possible nucleation

point
dγp = plastic strain increment
dεp = plastic strain increment
i = order of nucleation points

KI = stress intensity factor
L = microcrack length

L αð Þ
i = microcrack length in the slip plane α of nucleation point i

Ltotal = sum of the projections of the microcrack lengths in the direction θ
rθp = radius of plastic zone around nucleation point
α = order of slip planes
γ = surface energy density
δ = dependent factor
σ0 = endurance limit
σf = true fracture stress

σmr = memory stress
σn = normal stress in the critical plane
σs = shear stress in the critical plane

< > = MacCauley bracket
σys = yield stress

ϕ αð Þ
i = direction of slip plane α of nucleation point i
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I NTRODUCT ION

Fatigue crack prediction is critical for the design and main-
tenance planning of many structural components.1–8 Al-
though extensive research has been conducted in the past
several decades, accurate prediction of fatigue cracks inme-
tallic structures is still a challenging problem. The growth
of microcracks is stochastic in nature. The phenomenon
of fatigue involves multiple length scales including crack
nucleation in the microscale, coalescence of microcracks
in the mesoscale and major crack propagation in the
macroscale.

9
Therefore, it is critical to develop a length-

scale-dependent and physics-based model to understand
material performance and ultimately assess the survivability
of complex structural systems.

Fatigue mechanisms in metallic materials have been ex-
perimentally studied for decades, with extensive scientific
study of multiple stages of fatigue being observed begin-
ning in the latter half of the 1960s. Forsyth10 first reported
that fatigue cracks usually start at the surface of a structural
component. He argued that a major crack typically starts in
a direction from shear microcracks on crystallographic slip
planes in intermetallic particles and gradually grows
perpendicular to the external applied load. To investigate
fatigue phenomenon in different stages, Schijve11 divided
fatigue phenomenon over four periods including
microcrack nucleation, microcrack growth, short crack
growth and failure. Pearson12 compared the initiation of
fatigue cracks and the subsequent growth of very short
cracks (0.006–0.5mm) by using two types of aluminium
alloys. Short tensile cracks first initiate at the interface
between a surface inclusion and the matrix or within an
inclusion. Once formed, the cracks grow into the matrix
in directions approximately perpendicular to the applied
tensile stress. Taylor13 studied the behaviour of short
fatigue cracks at the microstructural level and proposed
that the size of short cracks should be of the same order
of magnitude as the microstructure, typically less than 10
grain diameters. Mo14 studied the phenomena of coales-
cence of neighbouring microcracks, formation of larger
microcracks and subsequent propagation of a major crack.
The microcracks grow, coalesce together and provide a
weak path for fatigue crack propagation. Final fracture
occurs when the percentage of cracked particles increases
to a threshold level during the fatigue process. Hochhalter7

focused on a comprehensive study of microcrack nucle-
ation and growth in grain boundaries and found that grain
orientation has a significant effect on the nucleation
metrics. It should be noted that for aluminium alloy
2024-T351, only large iron bearing particles, Al7Cu2Fe
(β-phase), contributed to the crack nucleation process.15,16

Recently, the need to develop simulation tools capable
of integrating the multiple length scales (microstructure,
mesostructure and macrostructure) has been recognized.

Multiscale analysis has been developed to model the nucle-
ation, growth and coalescence of microcracks in complex
metallic microstructures. A realistic treatment of length
scale effects on damage evolution is feasible now when suf-
ficiently sophisticated constitutive laws are used at the rel-
evant length scales. Jiang17 developed a three-dimensional
fatigue damage criterion for multiaxial, non-proportional
loading. Kalnaus18 investigated the effect of grain orienta-
tions in fatigue damage and proposed a damage criterion
on a critical slip plane for single crystallinemicrostructures.
Sun19 developed a multiscale continuum model to study
the effect of grain size on the macroscopic dissipative
response during isothermal, thermoelastic phase transition.
Groh20 proposed a numerical, hierarchical multiscale
modelling methodology to predict the work hardening of
face-centred cubic (FCC) crystals in the absence of physical
experiments. Tekoglu21 modelled the void nucleation by
integrating a damage model with a Mori–Tanaka type
mean-field homogenization scheme, which explicitly
accounts for the per-phase behaviour. Luo22 developed a
damage evolution rule for polycrystalline materials. In
Luo’s work, a multiscale model was constructed that
linked the relationship between the damage criteria at
the microscale to the crack initiation at the mesoscale.
Zhang23 developed a statistical volume element (SVE)
model to represent material microstructure and
significantly increased computational efficiency while
maintaining high accuracy.

In this paper, a physics-based multiscale damage crite-
rion is developed to simulate the initiation of fatigue crack
growth, including nucleation ofmicrocracks and formation
of major cracks. The material property and mechanical re-
sponse of aluminium alloy 2024-T351 are represented
using a recently developed SVE model. The physics of
microcrack nucleation and coalescence is experimentally
studied at different length scales and used as the input for
the multiscale model. The microcracks, which are domi-
nated by shear crystallographic slipping, nucleate within
intermetallic particles. The coalescence of microcracks re-
sults in the formation of macro crack. The multiscale
model and damage criterion are used to predict fatigue
crack growth and direction in polycrystalline materials.
Relevant lengths are chosen to take into consideration the
crack categories as defined by Ritchie.24 The characteristic
major crack length for critical damage value is taken as
1mm (i.e. 10 grain short diameters13) and the size of the
corresponding meso-SVE is 1 × 1mm, which is approxi-
mately the critical major crack size. The developed
multiscale fatigue damage criterion is capable of predicting
fatigue life and crack direction simultaneously. Two sets of
experiments are conducted to validate the multiscale dam-
age criterion under uniaxial cyclic loading on lug joint
specimens and biaxial fighter aircraft loading standard for
fatigue (FALSTAFF) loading on cruciform specimens.
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DEVELOPMENT OF SVE MODEL

The first step is a multiscale formulation for design of a
representative volume element (RVE) model capable of
capturing material property and mechanical response
for polycrystalline materials. Luo et al. developed a
multiscale model to predict fatigue damage growth in
aluminium alloys.22 The use of the RVE approach re-
quired microstructural information obtained experimen-
tally from the specimen being modelled. To overcome
the issues, an SVE-based approach was recently devel-
oped by Zhang et al.23 The primary goal of developing
an SVE model is to improve the computational efficiency
and reduce the associated preprocessing effort while
maintaining accuracy. This is achieved by simplifying
grain shapes in the SVE model, which results in ease of
assembly, reduction in preprocessing time and reduction
in the total number of elements (irregular grain shapes

a)

b)

Fig. 1 Comparison between a) actual microstructure using EBSD
scan and b) constructed statistical volume element. Colours repre-
sent different grain orientations.

a)

b)

c)

d)

Fig. 2 Scanning electron microscope observation of major crack and
microcrack nucleation: a) major crack and intermetallic particles in
the path; b) microcrack nucleation in iron-rich particles; c)
microcrack growth from iron-rich particles and d) no microcrack
nucleation observed in magnesium-rich particles.
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require more refined elements). The SVE model is
constructed by assembling grains whose features are
statistically sampled from a pool of measured charac-
terization data using electron backscatter diffraction
scanning methods (Fig. 1a). This approach provides a
computationally efficient alternative to traditional tech-
niques while maintaining simulation accuracy.

The key features of grains used in the construction of
the SVE model include grain orientation, misorientation,
size, shape, aspect ratio and principal axis direction.
Previous statistical analysis has proven that there is no
obvious trend in the distribution of grain orientations in
aluminium alloy 2024-T351.23 The final architecture of
the SVE is shown in Fig. 1b. More details on the feature
study and validation of the SVE model can be found in
the authors’ previous work.23

FAT IGUE CRACK FORMAT ION AND DAMAGE
CR ITER ION

Initiation of fatigue cracks in aluminium alloy includes the
following two stages: (i) microcrack nucleation and (ii)
coalescence of microcracks and formation of major cracks.
Previous work has shown that grain orientation influences
the slip direction and, as a result, influences the nucleation
mechanics significantly.1,7,10 Therefore, it can be assumed
that fatigue crack nucleation will be affected by particular
slip directions of polycrystalline material. To capture this
phenomenon, an energy-based and slip-based damage cri-
terion is developed. It is hypothesized that the microcracks
generated by nucleation grow individually, coalesce to-
gether and result in a serrated major crack as shown in
Fig. 2a. The serrated shape of themajor crack also indicates
that the major crack consists of a set of microcracks across

its path. By studying growing rates and directions of
microcracks that are governed by slip mechanics and
damage accumulations, the major crack formation and
growth can be predicted.

In this paper, aluminium alloy 2024-T351 is chosen as
the case study material. Two types of intermetallic parti-
cles, Al7Cu2Fe (β-phase) and Al2CuMg (S-phase), which
can be physically identified, are observed in this alloy.Most
nucleations of the microcracks occur at intermetallic parti-
cles. Only the iron-bearing particles contribute to the crack
nucleation process. This conclusion is verified in micro-
structural observations of scanning electron microscope
scans, which show that microcracks are nucleated from β-
phase particles (Fig. 2b) and grow from intermetallic
particles into surrounding grains (Fig. 2c). Also, no
microcrack nucleation is observed in S-phase particles
(Fig. 2d). The population density of intermetallic particles
is 3158 particles per mm,2 and the average particle size is
3.4μm.15 Because only iron-rich particles contributed to
crack nucleation, an energy-dispersive X-ray microanalysis
is conducted to ascertain population density of iron-rich
particles (Fig. 3). The result indicates that the population
of Al7Cu2Fe particles is 53.2% of all particles. Therefore,
the average population density of iron-rich intermetallic
particles is 1680 per mm.2 On the basis of the observed
population density, the average spacing between Al7Cu2Fe
particles is 27.5μm. The average size and spacing of
Al7Cu2Fe particles are used in the following simulations
with the developed SVE model and damage criterion to
determine nucleation and subsequent coalescence of
microcracks. Figure 4 shows intermetallic sites, repre-
sented by white dots in the SVE model.

In order to study multiscale damage effects, it is
necessary to take into account crystal dislocation
micromechanics, material microstructure and macroscale

Fig. 3 Energy-dispersive X-ray analysis to identify element composition of intermetallic particles.
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behaviour in the continuum description of finite strain
plasticity. Taylor25 found that crystal dislocation provides
an atomistic interpretation of the slip mechanics and
strain hardening. Other researchers, including Hill, Rice
and Asaro,26–28 have also shown that crystal plasticity is
important to incorporate micromechanical features of
plastic flow into macroscopic analysis. The work of
Jiang17 shows that the fatigue damage criterion devel-
oped is capable of capturing damage evaluation for
multiaxial and non-proportional loading. In the model,
the critical material plane is determined as the plane in
which the maximum accumulated fatigue damage reaches
a critical value, and the direction of crack propagation is
along the critical material plane. However, the effects of
intermetallic particles in microcrack nucleation4,7,10,12,15

and procedure of microcracks coalescence9,14 are not
taken into account in Jiang’s model. So a slip-dependent
and physics-based damage criterion is needed to accom-
modate the application of fatigue crack prediction in
polycrystalline materials. In this research, single crystal
plasticity theory is used to describe material behaviour
in an SVE model because of its several advantages over
other techniques. Microcrack nucleation is governed by
a developed damage criterion, which is modified from
Jiang’s model and extended into slip planes of intermetal-
lic sites in FCC crystal structures:

dD αð Þ
i ¼<

σmr

σ0
� 1>m 1þ σ αð Þ

n

σ f

 !
dY αð Þ

i (1)

dY αð Þ
i ¼ 1

δ
βσ αð Þ

n dεpð Þ αð Þ þ 1� β
2

σ αð Þ
s dγpð Þ αð Þ

� �
(2)

where σ αð Þ
n and σ αð Þ

s represent the normal stress and the
shear stress on the αth slip plane respectively; (dεp)(α)

and (dγp)(α) represent increments of normal and shear
plastic strains corresponding to σ αð Þ

n and σ αð Þ
s respectively;

β and m are material constants; δ is a dependent factor,
which will be discussed in the following part in this paper.
The symbol < > stands for MacCauley bracket (i.e.
x = 0.5(x + |x|)). The quantity σmr is a material memory
parameter, and σ0 is the endurance limit of the material
and can in essence be considered to be the ‘zero-damage’
level of the fatigue parameter. σf represents the true
fracture stress. dY(α) represents the plastic strain energy
increment, and dD αð Þ

i represents the damage increment
in the αth slip plane of the ith intermetallic particle.

Face-centred cubic crystal structures, such as Al 2024-
T351, as well as four slip planes {1 1 1} are considered in
this paper. The material parameters29–31 to be used in-
clude: m = 1.5, β = 0.32, σ0 = 220MPa, σf = 950MPa and
γ = 2.323 Jm�1.2 At the intermetallic particles, where
microcracks tend to nucleate, the four slip planes are
representative of probable crack growth directions. At
each intermetallic particle, the crack growth direction
can be affected by slip in any or all combinations of the
four slip planes. In Jiang’s criterion,17 the incremental
fatigue damage is dependent on the orientation of the
material plane. However, because the microcracks can
nucleate and grow in any of the four slip planes, the crit-
ical plane is defined as the material plane where the
fatigue damage accumulation first reaches a critical value.
In this research, instead of checking all the mathemati-
cally possible material planes in Jiang’s model, only the
four slip planes are considered for potential crack direc-
tion in FCC structure. In other words, the damage incre-
ment will be calculated for each of the four material
planes at all intermetallic sites.

For FCC structures, the angle between any two slip
planes is always 70.53°, as shown in Fig. 5. In order to
accommodate multiple slip planes, Jiang’s fatigue damage
criteria and plastic strain energy are reformulated to

Fig. 4 Intermetallic sites represented in statistical volume element
model.

Fig. 5 Slip planes in face-centred cubic unit cell.
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include the dependence on multiple slip planes in Eqs (1)
and (2). The degree between slip planes is taken into ac-
count by incorporating a dependent factor δ, as in Eq. (2).
For example, for two mutually perpendicular material
planes, the fatigue damages, described in Eq. (1), are
independent. However, if the two material planes have
the same orientation, they are dependent and contribute
equally to the plastic strain energy. In this case, the slip
planes are not independent. The dependent factor is used
to quantify the degree of dependence. For two perpen-
dicular planes, of which the cosine value of their interior
angle is zero, the dependent factor is defined as 1 because
the fatigue damages in the two planes are totally indepen-
dent. For two planes with the same orientation, of which
the cosine value of their interior angle is one, the depen-
dent factor is defined as 2 because the fatigue damages of
the two planes represent the same part of the whole
damage. For the material investigated in the research, the
cosine value of the angle between any two slip planes
is 1/3, and the total dependent factor for the four material
directions is determined to be 4/3 on the basis of a linear fit.

A link between the fatigue damage D and the crack
length L was formulated:

D�S ¼ 2γ�L (3)

The modified incremental microcrack length for
intermetallic particles could be described as

dL αð Þ
i ¼ dD αð Þ

i Si

2γ
(4)

In Eq.(4), symbol S represents the plastic zone size
around the nucleation points, and γ represents the surface
energy density of Al 2024 T351. There is a hypothesis
that the fatigue damage in the plastic zone around a nu-
cleation point is used to form a new crack that nucleates
from the same position. By using the von Mises yield cri-
terion,32 the plastic zone in plane stress state as a function
of θ is described in Eq. (5) as

rθp ¼
K2

I

4πσ2
ys

1þ 3
2
sin2θ þ cosθ

� �
(5)

Corresponding plastic zone size can be described as

S≈0:0765�K
4
I

σ4
ys

(6)

Because the stress states in nucleation points are
different, the formation of plastic zone size is variable
for different loads in the same nucleation site. Finite

element (FE) simulation has been used to determine the
plastic zone size. The results show that the plastic zone
size in FE method simulation matches very well with
the theoretical value,33 which is given in Eq. (6).

An important material parameter, Critical reserved
shear stress (CRSS),34 is used as a criterion governing
slip. Equation (4) is applicable only when the shear stress
in the slip plane is greater than the CRSS value, which is
the slipping threshold value. Figure 6 shows the simula-
tion results for the incremental growth of the microcrack
length as a function of time for the three nucleation
points (N1, N2 and N3) and their individual four slip
planes (slip1, slip2, slip3 and slip4). In this case,
microcracks increase in length only in slip plane 1 for
nucleation point N1 and slip plane 3 for nucleation point
N3. In the remaining slip planes of the three nucleation
points, the microcracks do not increase in length, and
the lengths are kept to be zero because the shear stress
in the slip plane fails to reach the CRSS value. So there
is no damage increment in the remaining 10 slip planes
except ‘N1.slip1’ and ‘N3.slip3’. Furthermore, in the nu-
cleation directions mentioned previously, the microcrack
length increases steadily, cycle by cycle. This observation
provides a basis to use a linear fit to extrapolate the
microcrack length increment versus time. Finally, the
growth of microcrack will stop when it reaches a critical
value of 27.5μm, which is the average length of spacing
between neighbour intermetallic particles. The corre-
sponding physical phenomenon is that the intermetallic
particles have effects in both nucleation and obstruction
of microcrack growth. In other words, the microcrack
starts from and ends in intermetallic particles.

In order to model the subsequent crack growing stage,
coalescence of microcracks and the formation of major
crack, a hypothesis is proposed. Firstly, the microcracks
in the intermetallic particles are projected in an arbitrary
direction. The major crack orientation is assumed to be
in the direction in which the sum of the microcrack
length projections increases at the fastest rate. As shown

Fig. 6 Microcrack length increase cycle by cycle in slip directions.
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in Fig. 7, the microcracks AB, BC, CD, etc. are projected
onto A’B’, B’C’, C’D’, etc. The major crack length is
therefore the sum of the projections, A’B’, B’C’, C’D’,
etc. in the prescribed direction. The major crack length
can be determined in Eq. (7):

Ltotal ¼ ∑
n

i¼1
∑
4

α¼1
L αð Þ
i cos θ � ϕ αð Þ

i

� ���� ��� (7)

In Eq. (7),ϕ αð Þ
i is the direction of the αth slip plane in the

ith nucleation point, corresponding to the microcrack
lengthL αð Þ

i . θis the prescribed direction for microcrack pro-
jection, which is assumed to be the major crack direction.
The range of θ is from�π/2 to π/2 because the crack grows
on two opposite sides of the nucleation point and combines
in themiddle to form a single crack. Therefore, the crack is
represented by a line and described by an angle, as opposed
to a vector. By means of solving the maximum value of
Ltotal, which is a function of θ, the most probable major
crack direction θ and the correspondingmajor crack length
(Ltotal) can be calculated.

S IMULAT ION RESULTS AND EXPER IMENTAL
VAL IDAT IONS

Case 1: uniaxial cyclic loading on lug joint specimens

Uniaxial fatigue test using lug joint specimens23 are
conducted to validate the fatigue crack growth estimated

by the developed SVE model and the damage criterion.
The lug joint specimens are machined from a bulk Al
2024-T351 plate. The chemical composition and the
mechanical properties of Al 2024-T351 are listed in
Tables 1 and 2. The rolling direction is the same as
the lengthwise of the lug joint specimen. The speci-
mens are cyclically loaded in a servo hydraulic desktop
test frame using a sinusoidal waveform with a load
range between 489.3 and 4893.0N (load ratio 0.1) at
a rate of 20Hz. This test is implemented at room
temperature (~25 °C) and room humidity (~50%). To
validate the multiscale model, the number of cycles
necessary to achieve a 1mm crack is obtained experi-
mentally. A total of five specimens are tested. The
experimental results are summarized in Table 3.
Figure 8a shows the tested specimen with an illustrated
crack angle in a coordinate system. The dimension of
the tested lug joint specimen is shown in Fig. 8b.
The mean deviation for the number of cycles to produce
a 1mm crack ranges from 68 to 98K cycles, and the crack
direction is around �4° or �28°.

In this paper, the FE analysis software ABAQUS (Alcoa,
Alcoa Corporate Center 201 Isabella Street Pittsburgh,
PA, USA)37 is used for numerical simulation at the mac-
roscale, and a user-defined material subroutine that im-
plements single crystal plasticity is developed on the
basis of Huang’s work.38 A finite element model of a lug
joint specimen is constructed, which includes (i) SVE of
the microstructure, explicitly modelled and meshed at a
structural hot spot, and (ii) a finite element mesh of the

Fig. 7 Schematic procedure of projection of microcracks to major crack.

Table 1 Specified composition for 2024-T351 (wt%)35

Element Cu Mg Mn Fe Si Zr Cr Ni Pb Sn Al

2024-T351 3.8–4.9 1.2–1.8 0.3–0.9 0.5 0.5 0.2 0.1 0.05 0.05 0.05 Rem

Table 2 Mechanical and physical properties of 2024-T351 at room temperature36

Elastic modulus (GPa) 72–74 Hardness (HB) 115–120

Shear modulus (GPa) 27–28 Fr. toughness (MPam1/2) 31–34
Poisson’s ratio 0.33 Ult. tensile strength (MPa) 490–520
Mon. yield stress (MPa) 325–340 Endurance limit (R =�1) 135–140
Cyclic yield stress (MPa) 420–450 Shear strength (MPa) 285–301
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remaining parts of the component, as shown in Fig. 9.
The SVE model, which is 1 × 1mm, consists of 1840
CPS4 (plane stress, four-node quadrilateral element) ele-
ments. The whole lug joint model consists of 5998 CPS4
elements. This approach avoids the need for homogeniza-
tion/localization schemes to connect the two length
scales. The microscale bridges the mesoscale by using

Huang’s user-defined material subroutine, governing
the stress–strain response of an element within the
SVE. This multiscale model is applied to solve the
problem of efficiently predicting crack initiation and di-
rection within the component. Three simulation
models are constructed with different SVE models
based on the statistical orientation pool. Figure 10
shows the most probable major crack direction and cor-
responding increment of crack length per loading cycle.
Results of fatigue prediction to reach 1mm crack length
and probable crack direction are shown in Table 4.

The fatigue life prediction and the estimated crack di-
rection are both within the same order of magnitude
compared with the experimental results. The average
fatigue life of reaching 1mm crack is 84.6K cycles for
experiment and 78.4K cycles for simulation. The error
in fatigue life prediction is 7.3%. From the experimental
results, there are two probable crack directions, which are
around �4° and �28°. The estimated crack directions
from simulation are around �6° and �28°. The error in
crack direction between experiment and simulation is less
than 2°. This shows that the multiscale damage model
is capable of capturing the fatigue crack growth and
predicting fatigue life and crack direction.

The error in fatigue life prediction can be attributed
to several possible factors. One possible reason is that
the accuracy of the surface energy density of a
bulk-homogenized material is not the same as that within
a grain, because there is a difference between local infor-
mation in grains and average global information. Sec-
ondly, the microcrack nucleates and grows first in grains
with a relatively high growth rate in the slip directions.
In different locations within the structural components,
the loads are different. Also, the different grain orienta-
tions under same load show significantly different sensi-
tivities. Therefore, the stochastic grain orientation in
both actual specimens and SVE models can be another
reason to cause the error.

Case 2: biaxial FALSTAFF loading on cruciform
specimens

The FALSTAFF loading typically occurs at the wing
root area of a fighter-type aircraft. Therefore, it has been
widely used in numerous fatigue research programmes.39

A modified block of FALSTAFF loading, including 79
cycles, is used as shown in Fig. 11. To predict fatigue

Table 3 Experimental results of fatigue life and crack direction

Sample 1 2 3 4 5

Fatigue life (No. of cycles) 92K 98K 68K 83K 82K
Crack direction �4° �4° �29° �28° �28°

a)

b)

Fig. 8 Lug joint specimen for fatigue test: a) crack initiates in the
shoulder of lug joint and b) geometric dimension.
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crack initiation and growth under biaxial FALSTAFF
loading, the root mean square (RMS) method is
introduced to simplify the complex loading history. In
previous studies, the RMS model is shown to be a simple,
reliable and efficient method to simplify non-constant
amplitude loads.40

In previous studies, cruciform specimens have been
subjected to biaxial fatigue loading.41,42 The cruciform
specimen is shown in Fig. 12. The area of the centre span
is 62.66 × 62.66mm, and the thickness is 2.54mm. The

diameter of the centre hole is 6.35mm. A single 1-mm-
width notch is introduced at the centre hole along a 45°
angle with respect to the axis direction. Because there is
high stress concentration at the tip of the notch, the
probability of crack initiation is greatly increased by
creating such a structural hot spot. The SVE model is
embedded at the hot spot location consists of 26 287
CPS4 elements. The whole cruciform model consists of
39 814 CPS4 elements.

Before conducting fatigue life prediction simulation,
validation of mechanical and damage responses are
performed to ensure that the RMS model could be used
to accurately represent the FALSTAFF loads. The tests
are assumed to be under constant amplitude loading at
the RMS maximum and minimum loadings, which are
obtained from the loading history. The following rela-
tionships are used to obtain the RMS loading:

Fig. 9 Boundary conditions and implementation of a two-scale mesh at the structural hot spot of lug joint.

Fig. 10 Simulation results of probable crack direction.

Table 4 Simulation results of fatigue life and crack direction

Model 1 2 3

Fatigue life (No. of cycles) 74.5K 84.2K 76.4K
Probable crack direction �4° �28° �7°

Fig. 11 Fighter aircraft loading standard for fatigue loading (79 cycles).
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Loadmaxrms ¼ 1
N

∑
N

i¼1
Loadmax;i
	 
2" #1=2

(8)

Loadminrms ¼ 1
N

∑
N

i¼1
Loadmin;i
	 
2" #1=2

(9)

One block of RMS loading, including 79 cycles, is
shown in Fig. 13. In previous studies of damage criteria,
the fatigue damage was determined to be significantly
dependent on the plastic strain energy.17,22 The accumu-
lation of plastic strain energy density can be used to
validate the RMS model. In this work, two simulations
are compared with the same cruciform model but using

a) c)

b) d)

Fig. 12 Cruciform specimen: a) a round hole in centre for test; b) geometric dimension of cruciform; c) a 45° notch at the centre hole for
fatigue test and d) geometric dimension of the centre.

Fig. 13One block of rootmean squaremodel-based loading (79 cycles).
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different loading conditions, FALSTAFF loading and
RMS loading.

The distributions of plastic strain energy density after
79 loading cycles are shown in Fig. 14. The square blocks
represent the SVE area. From this result, the plastic strain
energy densities show similar distributions for FALSTAFF
and RMS loadings. This indicates that the RMS methods
can provide a good representation of local damage accumu-
lation. Furthermore, the average value of plastic strain
energy density is another index for measuring the total re-
sponse to damage accumulation. The accumulated average
plastic strain energy density within the SVE model during
79 cycles of FALSTAFF and RMS loading are shown in
Fig. 15. The results of the RMS model show a linear
increase of plastic strain energy accumulation. After 79
loading cycles, the average plastic strain energy density is

32.59MPa for FALSTAFF and 32.87MPa for the RMS
model. The difference between FALSTAFF and the corre-
sponding RMS model is only 0.85%. Therefore, the RMS
model can be used to accurately simplify and represent the
complex loading case.

Mohanty et al.41 conducted a series of experiments of
biaxial FALSTAFF loading on cruciform specimens.
The cruciform specimens were machined from a bulk
Al 2024-T351 plate with the rolling direction along one
symmetrical axis. The chemical composition and the me-
chanical properties of Al 2024-T351 are listed in Tables 1
and 2. The specimens were cyclically loaded in a planar
biaxial/torsion MTS test frame and subjected to biaxial
FALSTAFF loading with a frequency of 20Hz. This test
is implemented at room temperature (~25 °C) and room
humidity (~50%). To validate the multiscale model, the
number of cycles necessary to achieve a 3mm crack is
obtained experimentally. A total of four specimens are
tested. The crack is seen to generate from the notch tip,
which is oriented at 45° from the loading direction.
The experimental results are summarized in Table 5.
The average cycle number to produce a 3mm crack is
42.0K cycles, and the average crack direction is 58°. It
should be mentioned that in both simulations and exper-
iments, the crack directions always deviate into the

Fig. 14 Distribution of plastic strain energy density in a) root mean
square model after 79 cycles and b) fighter aircraft loading standard
for fatigue model after 79 cycles.

Fig. 15 Average plastic strain energy density in statistical volume
element model for fighter aircraft loading standard for fatigue (FAL-
STAFF) and root mean square (RMS) loading conditions with a fre-
quency of 20Hz.

Table 5 Experimental and simulation results of fatigue life and
crack direction

Results Experiment Simulation

Fatigue life (No. of cycles) 42.0K 44.8K
Probable crack direction 58° 48°
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rolling directions of the materials, which is also the prin-
cipal axis direction of the SVE grains.

The simulations are conducted using the same proper-
ties and conditions as the experiments. The SVE model is
implemented at the notch tip as shown in Fig. 16. The pre-
dicted fatigue life of reaching a 3mm crack and correspond-
ing crack directions are listed in Table 5. When comparing
our simulation and experimental results, the accuracy is
6.7% for fatigue life prediction and 10° for probable crack
direction. The fatigue life prediction and estimated crack
direction match well with the experimental results.

Except the probable reasons for the error in fatigue life
prediction discussed earlier (Case 1), there are other possi-
ble factors leading to errors in biaxial FALSTAFF experi-
ments. Firstly, the RMS model is introduced in the
analysis to simplify the loading condition. Although the val-
idation of the RMS model shows that the difference from
FALSTAFF loading condition is only 0.85%, the fatigue
life and crack direction can be possibly affected by loading
history. Additionally, the pre-implemented notch in the
middle circle can be considered to be an existing major
crack, which leads to higher stress and damage concentra-
tion in the hot spot. Along with nucleation and coalescence
of microcracks inside the materials, there is also the macro
crack propagation effect of the notch in the hot spot. So
the final major crack can also be attributed to the effect of
the major crack propagation. This may also explain why
the accuracy in Case 2 is lower than that in Case 1.

CONCLUS ION

A physics-based and slip-based multiscale damage crite-
rion is developed to predict fatigue life and crack

direction in aluminium alloy-based complex components.
Three different length scales have been considered in this
study. At the microscale, a damage criterion based on sin-
gle crystal plasticity theory has been developed to ap-
proach microcrack nucleation, which occurs in iron-rich
intermetallic particles and grows into the surrounding
grains. At the mesoscale, a computationally efficient
SVE model is constructed to represent material property
and mechanical response in the hot spot. The fatigue life
and corresponding crack direction are predicted by the
simulation. At the macroscale, a finite element analysis
of components (lug joint and cruciform specimens) is
conducted with the meso-SVE bridging two-scale
meshes. Results indicate that the physics-based damage
criterion is capable of capturing nucleation and coales-
cence of microcracks in different scales. It also provides
a possibility of bridging energy-based damage in inter-
metallic particles and crack initiation in structural com-
ponents. Compared with a conventional RVE model,
the SVE model significantly improves the preprocessing
efficiency as well as computational efficiency through re-
duced number of meshes. The simulation results from
the developed multiscale damage criterion show good
correlation with the experimental results while ensuring
computational efficiency. The results show that the
multiscale damage criterion can successfully capture
crack initiation and predict fatigue life.
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